Introduction
The superficial mucus layer present on the vocal fold (VF) surfaces, known as the airway surface liquid (ASL), is postulated to induce an adhesive behavior at the glottal surface (Nakagawa et al 1998; Ayache et al 2004) . VF surface adhesion in turn can influence phonation (Chodara et al 2012) as well as voice health (Leydon et al 2009) . Electrolytic composition of ASL (Kutta et al 2002) and characteristics of its spatial agglomeration (Bonilha et al 2008) have been studied but its mechanical characteristics remain difficult to measure.
The objective of the present study is to establish a computational framework for the analysis of VF vibration under the consideration of VF collision and subsequent ASL mediated adhesion. Our specific aims are Numerical studies available in literature that use a Navier-Stokes model for the air flow and a continuum VF model to determine 3D VF collision due to high-amplitude self-sustained oscillation are few (Zheng et al 2009; Bhattacharya and Siegmund 2014) . Problems involving FSI can be solved either by employing a monolithic strategy where the governing equations of the coupled system are solved by a single solver (Zheng et al 2009) , or by following a segregated approach where bi-directional coupling is used to communicate between distinct solvers for the fluid and solid domains (Bhattacharya and Siegmund 2014) . This study follows recent work by (Bhattacharya and Siegmund 2014) and the solution of the coupled fluidstructure interaction (FSI) model use an arbitrary Lagrangian-Eulerian approach.
On the other hand, currently the only known quantitative study of glottal surface adhesion on VF dynamics was performed by Decker (2006) , where lubrication theory based continuum model was used to determine tractions on the ASL-VF interface as a function of the separation velocity between the VFs. A 2D geometry of the VF was used and the flow model was 1D.
The present study substantially expands the modeling of contact and adhesion interactions (referred to as the collisional interaction problem) and connects the collisional interaction problem into a full scale 3D FSI framework.
The ASL mediated adhesion effects are explicitly accounted for in the model simulation by employing constitutive relations describing the relationship between VF adhesive tractions and VF separation distance, and by embedding the collisional interaction model into a fully 3D transient dynamic FSI computational model. The 3D geometry of the VFs used is based on a canonical model known as M5 that was introduced in Scherer et al (2001) . M5 geometry-based models are relevant as these have been employed in several studies on phonation (Thomson et al 2005; Spencer et al 2006; Mihaescu et al 2010; Pickup and Thomson 2011; Bhattacharya and Siegmund 2012) . Constitutive properties corresponding to air and VF tissue (Zhang et al 2006) are employed without any scaling of these quantities. A Navier-Stokes model is used for air flow, and the VF tissue is considered to be isotropic linear elastic with viscoelastic behavior. The values of the constitutive parameters of the traction-separation law are bound by data on surface-tension of water and by data on intestinal mucus. To solve the governing equations of the overall system, a segregated solution approach is used, with coupling between the solvers enforced between consecutive time increments.
A detailed analysis is conducted based on parametric variation of tractionseparation law parameters. Biomechanical properties of ASL are thus linked to aspects of VF dynamics. Adhesion characteristics are found to influence both local and global VF dynamical behavior. Local aspects relate to the actual process of VF separation, and global aspects to the overall flow rate and frequency. Fundamental insights into separation characteristics are obtained using concepts from the field of non-linear fracture mechanics.
Method

Computational model
The present model of self-sustained VF vibration in the presence of adhesion comprises separate continuum region definitions for the glottal airflow and the pair of VFs, a collisional interaction model (comprising both contact and adhesion) and an FSI model. The collisional interaction model describes the details of the interaction between the VFs. The FSI model describes the interaction between each VF and the glottal airflow. Details of the model and model results in the absence of adhesion are given by the authors in Bhattacharya and Siegmund (2014) . Figure 1a shows the geometry of the airflow domain which is based on the M5 description (Scherer et al 2001) . Its geometric dimensions are provided in 
PISO algorithm (with neighbor and skewness correction) was used to advance the solution in time.
The VF domain comprises identical and disjoint left and right solid parts.
Considering only the left VF the geometry is shown in figure 1b; The rigid planes thus restrict the topology of the deformable airflow domain to its initial undeformed topology (genus 0) and thereby satisfy a limiting condition in the flow solver implementation. As a result of the above topology restriction a leakage flow is present between the surfaces of the opposing VFs that are in active collisional interaction with the rigid planes.
Since C L ⊂ S L and C R ⊂ S R , a determination needs to be made during the simulation regarding whether the collisional interaction model or the FSI model is to be used to compute surface tractions on C L and C R . This choice is based on the VF opening distance ∆ ≡ |x ml | − d p /2. Specifically, the variable
with initial condition χ(0) = 0 is defined in order to track the state of collisional interaction (χ = 1: active and χ = 0: inactive) at every location on C L and C R .
Above ∆t = 50 ñs is the fixed solution time increment in the solid domain solver. 
where the parameters are the cohesive strength σ 0 , the elastic separation limit At locations within C L and C R where χ(t) = 0 (as determined from (2) at time t) the FSI model applies the traction boundary condition (also called the dynamic boundary condition)
This condition ensures that in both models the tractions acting on the glottal surfaces domains are equal and opposite to each other. Equation (4) nasal mucosa, intestinal mucosa, corneal mucosa), the role of these indices on mechanical characteristics is poorly understood. Adhesion on the rat small intestinal mucosal surface was studied in Mortazavi and Smart (1994) to suggest that the cohesive strength of mucosal surface is in the order ofσ 0 = 3 kPa (specifically an applied load of 10 g over a surface area of 30.2 mm 2 could be sustained). With On the other hand liquid mediated VF adhesion is understood to have its primary source in surface tension (Ayache et al 2004) . Since cohesive energy φ is identical to surface tension, at standard temperature and pressure the cohesive energy for a purely aqueous ASL is equal to its surface tension i.e. φ aq = 0.072 J/m 2 (Dean 1999 ). However in interpreting this value some care is needed because the model geometry detailed above allows for ASL bridges to form only between the VF sur- (table 3) . Rupture length values are determined as δ f = 2φ/σ 0 . The parameter δ 0 is held fixed for all models and its variation is not considered within the scope of the present study.
To increase the numerical stability of the computation, viscous contributions to surface tractions are considered as proportional to the approach velocity of the surfaces. Such contributions can also be interpreted to arise from the viscous contribution to liquid mediated adhesion. Here, the magnitudes of viscous tractions are negligible compared to tractions caused by contact and surface-tension based adhesion.
In computations with cohesive constitutive models, mesh convergence depends on the number of elements present in the zone of adhesive break-down i.e. the process zone l p . Process zone length depends on the traction-separation law parameters and the bulk constitutive properties. One fundamental estimate defines
For the model considered herein the minimum l p is 0.815 mm (model 5). A comparison of element size in the contact-prone region (0.110 mm) and the minimum l p required indicates that the mesh used in the solid domain is sufficiently refined to obtain convergence since the process zone is spatially resolved by several elements.
Results
Results of the FSI computations are initially presented in terms of the temporal development of the glottal opening at the location X M C (figure 1b). Figure 3 depicts such data in already well-established and self-sustained VF vibration cycles for (a) a case without VF adhesion (model 1) and for (b) a case with VF adhesion (model 3). Henceforth, the time origin (t = 0) is reset to the start of the cycle.
The instant at which the cycle ends relative to the time origin is referred to as t cycle and equals the reciprocal of the vibration frequency f .
Several characteristic time-instants within the cycle are identified below. In the absence of adhesion two time instants characterize VF contact. at X M C , and VF tractions are due to the airflow until contact sets in again in the next cycle. In the presence of VF adhesion the process is more complex.
Contact is initiated at t c (= 3.7 ms), and opening begins at t o (= 4.5 ms). However, the development of the glottal opening is slowed by the tensile tractions on the VF surface. As the VF opening distance increases the tensile tractions increase correspondingly. The initial elastic response of the ASL at X M C lasts until t e (= 5.9 ms). For larger values of VF opening distance the traction at X M C decreases but remains positive (tensile). This softening behavior is reflected in the time rate of change of the VF opening distance at instant t e . At a subsequent instant t f (= 6.3 ms) the collisional (and specifically adhesive) interaction ceases, and for the remainder of the cycle the VF surfaces are free of adhesive tractions, but subjected to tractions from the air flow until contact is initiated in the next cycle. and [t e , t f ] correspond to compressive, tensile but increasing, and tensile but diminishing tractions at X M C , respectively. These subintervals are referred to as compression, tension build-up, and tension break-down, respectively. contributions are reported at the instant at which the energy dissipated to surface adhesion peaks. The energy contributions reported are strain energy, kinetic energy, viscous damping and the energy dissipated to surface adhesion. These energy contributions along with the energy lost to numerical contact damping arise from the (external) work done by the flow pressure on the VF glottal surfaces. In all cases the majority (60 − 75%) of external work is converted to strain energy, approximately 20-30% is converted to kinetic energy and approximately 3-4% is dissipated in viscoelastic damping in the VF. The amount of energy dissipated in surface adhesion in models 2-5 is never more that 2.2% of the total external work.
Energy lost to numerical contact damping is always < 0.001% for all models. Table 5 summarizes cycle characteristic time variables for the five model conditions considered in terms of the computed quantities t o , t c , t e , t f and maximum compressive traction at X M C and the maximum values recorded for l c for the left VF. For the VF without adhesion (model 1) the time interval during which collisional interaction is active (t o − t c ) is found to be 1.6 ms. In the presence of adhesion (models 2-5) the active collisional interaction interval (t f − t o ) substantially increases (from 2.3 ms in model 2 to 3.6 ms in model 5) and this increase closely follows the increase in σ 0 across these models. This extended interval of collisional interaction causes the glottal opening to be inhibited and glottal air flow to be restricted. To compare across models the glottal airflow rate in the cycles considered above is normalized with respect to the airflow rate at cycle start and the minimum airflow rate in the cycle. In figure 6 significant differences between models are evident in derivative of the normalized flow rate immediately following the contact event. Specifically, in the duration 4-7 ms (with respect to start of the cycle) the slope of the airflow rate decreases by nearly 50% going from the no-adhesion model 1 to the high cohesive energy models 4 and 5. The first instant with respect to the cycle start time at which any location on AB first undergoes contact is referred to as t c,min . For the same VF vibration cycles analysed, consider the interval [t c,min , t cycle ]. Figure 7a shows the combined length l c , of the CILSs that appear on AB, in dependence of time for the models 1-5. Time and collisional interaction line length are normalized aŝ
λ ≡ l c /l c,max , where l c,max = max
in order to remove the variations due to differences in severity of collision between models. The dependence of λ ont is then expected to vary mostly due to the 
Discussion
Before discussing the influence of ASL adhesive properties on the mechanics of VF vibration, some remarks are made about the present model. Stroboscopic images of oscillating VFs (Hsiung 2004) indicate that in severe cases of mucus aggregation, the ASL on the opposite VFs can form a connected fluidic bridge during phonation.
For all the models studied here, VF vibration is found to be sufficiently high to cause total failure of the ASL in each cycle. Across all models medial-lateral displacement u ml at X M C is found to be ∼ −0.180 mm when averaged over the collision cycles. For this displacement level a continuous ASL connecting the two VFs is estimated to rupture at δ f = 2 |x ml (
where · denotes an average taken over the collision cycle. If such an ASL is purely aqueous in composition then it follows from (3) that it cohesive strength is σ 0 = 144 Pa. The values of σ 0 considered in this study (table 3) are then up to an order of magnitude higher than that in the purely aqueous ASL. The evidence that adhesive nature of the ASL varies significantly within subjects (Hsiung 2004) supports the range considered herein.
It was remarked earlier that due to computational modeling limitations a leak- A variable that captures VF mechanics just prior to adhesive interaction and yet due to contact interaction is the computed maximum impact stress. Both table 5 and figure 4 show significant differences in maximum compressive stress achieved at X M C between the models. The maximum impact stress is expected to be dependent strongly on the severity of collision. A measure of the severity of collision is the closed quotient (CQ) defined as the fraction of the vibration period during which the VF opening distance at X M C is zero (i.e. contact is closed). Since the vibration frequency does not differ significantly across the different models, the compressive interval duration t o − t c in each model is proportional to its CQ.
Therefore, the impact stress is expected to scale with t o −t c . Indeed, the maximum impact stress is found to increase with increase in the t o − t c (table 5) .
Beyond the marginally open instant t o , the surface normal stress increases from zero to σ 0 over the tensile interval [t o , t e ] ( shorter degrading interval for model 5 compared to other models is attributed to σ 0 being the largest in model 5 whereas δ f in model 5 is identical or smaller than in other models. The net result is that in model 5 the (restitutive) stress state at t e is higher than in other models at corresponding t e instants. When the ASL degrades entirely, the higher stress-state produces a higher restitutive acceleration.
In the same manner as the ASL adhesive properties influence the vibration characteristics of point X M C , so also do ASL adhesive properties determine vibration characteristics of line AB as a whole. In this respect consider the normalized forms of time and total CILS length i.e.t and λ. The variablet o defines the normalized time instantt when λ increases to 1. It is expected that fort ≤t o , most points in AB are in compression phase (figure 5a) and the dynamics is not influenced by the ASL. This explainst o ∼ 0.1 for all models in figure 7a. 
In figure 7a the significant changes in the slope of λ with respect tot in model 5
suggests that the instantaneous speed of CILS reduction can deviate significantly from the average speed v c . For all models table 5 shows the ratio of v c to the Rayleigh wave speed in the VF tissue (Freund 1990) c R = 0.862 + 1.14ν
which is always found to be O(10 1 ). Note that v c does not capture the propagation speed of an individual VF bond patch, and hence v c > c R does not imply a necessarily supersonic decohesion process. Specifically, l c remains constant even as the separation between the line AB and rigid plane increases until the ASL at at least one location fails completely. Moreover, due to the three-dimensionality of the ASL decohesion, decrease in l c is due to the propagation of multiple debonds. For e.g. figure 7b shows that the original CILS may disintegrate into several disjoint CILSs.
The multiplicity of disjoint CILS suggests a fingering instability phenomenon.
In adhesive contact of soft elastic materials (similar to the ASL in tension) instabilities can occur in the debond process (Ghatak and Chaudhury 2003; Vilmin et al 2009) . Such fingering instabilities are understood to occur with a characteristic wavelength that can be related to the constitutive properties of the ASL (i.e.
elasticity and traction-separation law parameters). Given the present configuration, is expected that the range of ASL constitutive parameters considered lead to differences observed in CILS disintegration patterns between models in figure 7b .
For E/σ 0 ≫ 1, referred to as adhesive regime, the failure process can be modeled by an interface of infinitesimal thickness. In the present study, E/σ 0 was O(10 1 ) and hence the ASL has zero initial thickness. In Needleman (1990) , failure of an adhesive interface under tension was analyzed considering E/σ 0 fixed at 167.
The interface failure mechanism was studied in dependence of a parameter that corresponds to the ratio l c,max /δ f in the present study. Needleman (1990) found that for l c,max /δ f ≪ 10 3 the interface fails in a manner characteristic of a uniform separation process, as opposed to a progressive debond propagation process.
The main feature of a uniform separation process is that cohesive tractions are distributed homogeneously along the interface length, and degradation proceeds uniformly. In figure 5b,c for model 3, and also for all models with ASL (models 2-5) considered in this study, the process of VF separation under adhesive condition demonstrated a uniform separation type behavior. This is consistent with the fact that l c,max /δ f was found to be O(10 1 ) for all the models. Table 5 , column 8,
shows that the ratio
is indeed O(1) for models 2-5. It is interesting to note that a higher η corresponds to an increased number of segments of the original collisional interaction line during the degradation process (figure 7b).
It is perhaps biomechanically relevant to note that immediately outside the CILS the normal tractions (due to airflow) and are typically compressive and thus opposite in sense to the normal tractions inside the CILS due to adhesion. Hence large gradients in normal traction can result at the CILS boundary and possibly lead to tissue damage in the interior.
The formation of multiple ASL bridges has been reported previously in clinical visualization studies (Hsiao et al 2002; Bonilha et al 2008 Bonilha et al , 2012 . Qualitative characterization undertaken in these studies has aided in distinguishing between voice disorders (Hsiao et al 2002; Hsiung 2004; Bonilha et al 2012) . A typical ASL characteristic evaluated is referred to as pooling, and is defined as the portion of VF length over which ASL bridges form (Bonilha et al 2012) . Thus ASL pooling is expected to be related closely to the quantity l c arising from the present definition of the CILS. This highlights the relevance of quantitative descriptors such as l c , v c and η detailed in this study.
In characterizing the surface interaction of the ASL, the present study used the measured properties of water in surface tension. It is expected that direct experimental characterization of the ASL will lead to a better understanding of the ASL mechanical behavior, and thus enable a more precise computation of its influence on VF dynamics. A major challenge in experimentally characterizing any surface interaction is to isolate the surface interaction from the background mechanical response of materials on either side of the interface. In the computational model the ASL is attached to the VF tissue (the mechanical response of which varies across samples) and on the other side the ASL interacts with a rigid surface. In Atomic Force Microscopy (AFM) a tip of a known shape (e.g. sphere) and mechanical properties is attached to a cantilever. Typically the tip material is significantly stiffer than the substrate (VF in this case) and hence the tip can be idealized as rigid. Using techniques developed for analyzing nano-scale contact in the presence of adhesion (Lin et al 2007a,b; Leite et al 2012) mechanical properties of the ASL and the underlying VF tissue can perhaps be better quantified.
Conclusion
The present study documents numerical simulations of VF vibration taking into account both collision as well as adhesion on the VF surface. Prior work on simulation on VF adhesion and phonation had been substantially more restrictive than the present study. The results presented highlight the important role ASL mediated adhesion can play in influencing both flow and tissue relevant characteristics, as well as collisional interaction on the VF surface. Specifically, it is found that an increase in cohesive energy of the ASL adhesion was found to lead to a reduction in GFD. It may be inferred that through its influence on GFD, the ASL influences characteristics of speech quality e.g. breathiness.
The effects of ASL adhesive properties on VF collisional interaction were highlighted by focusing on an anterior-posterior oriented line AB situated on the medial plane. The following observations were found to hold in general 1. length of the tensile interval increases with increase in σ 0 , 2. for fixed σ 0 , the length of the degrading interval increases with increase in δ f , and 3. for fixed δ f , the length of the degrading interval decreases with increase in σ 0 .
In this study a CILS was defined as a continuous line segment within line AB such that at every point on it is active in collision or adhesion. With respect to the anterior-posterior line AB the variables l c , v c were defined to represent, respectively, the cumulative length of CILSs on AB and the average speed with which this cumulative length recedes to zero. It was found that cohesive surface energy φ strongly influenced the variation of l c with time. Specifically, a higher cohesive surface energy φ resulted in a delayed onset of degradation and a longer time spent in contact (figure 7a). For all the models v c was found to be larger than the Rayleigh wave speed of the VF tissue. This high speed of ASL failure agrees with the finding that ASL failure is of a rather uniform separation type than a progressive debonding event. The determination that the VF separates uniformly rather than by growth from a debond tip was also inferred from the typical computed values of the length scale ratio η using concepts from the field of non-linear fracture mechanics. Lastly, the number of smaller disjoint CILSs formed on AB during breaking of ASL adhesion was also considered in dependence of ASL adhesive properties. For models in which η was higher, the number of smaller disjoint CILSs was found to decrease. ASL kinematics has been well visualized in a clinical setting. Until now the kinematics was characterized by qualitative parameters such as ASL pooling. From the expected link between ASL pooling and CILS quantitative variables (l c , v c and η), ASL pooling is inferred to be ultimately controlled by its adhesive properties.
The effect of ASL adhesion on VF tissue is a direct result of the altered VF vibration characteristics outlined above. Specifically, it was noted that ASL adhesion can cause sharp gradients in normal tractions at the boundary of the CILSs but also in general on the boundary of the collisional interaction zone. The magnitude of the gradients will depend on all ASL adhesive traction-separation law parameters considered here i.e. σ 0 , φ and δ f , since these parameters determine how long collisional interaction lasts and the nature of the collisional interaction (compressive, tensile or degrading) over time.
The present study advances the current knowledge of biomechanical aspects of VF dynamics under the influence of glottal surface adhesion. In this study, ASL adhesive behavior as parameterized by the cohesive strength, cohesive energy and rupture length was varied in a potentially physiologically representative range. The results of the study strongly suggest that ASL adhesive behavior might strongly influence VF tissue health and voice quality. Accurate experimental characterization of ASL adhesive behavior is thus imperative to assessing voice health, and further research in this direction is recommended.
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